Purpose: To develop and evaluate an improved method of generating en face fundus images from three-dimensional optical coherence tomography images which enhances the visualization of drusen.
A ge-related macular degeneration (AMD) is the leading cause of severe visual impairment in patients older than 65 years in the developed world. Age-related macular degeneration is defined by the presence of drusen, focal deposits of extracellular material located between the basal lamina of the retinal pigment epithelium (RPE), and the inner collagenous layer of Bruch membrane. 3, 4 Numerous longitudinal studies have correlated risk of progression to advanced AMD with estimated total drusen area and with maximum drusen size. 1, 5 Geographic atrophy (GA) is another feature of AMD in its advanced stage.
Evaluation of color fundus photographs (CFPs) is currently the gold standard for visualizing and measuring drusen in nonneovascular AMD and for visualizing and assessing GA. 6 Total drusen area and maximum drusen size are estimated by visual inspection of CFPs, with comparison to a set of standard circles. 7, 8 However, it is challenging to reliably locate drusen against the varying background pigments of the macula, RPE, and choroid. 7, 9, 10 In addition, it is difficult to make reproducible quantitative measurements of drusen in CFPs, and such measurements could be better indicators of disease progression than qualitative visual assessments.
Optical coherence tomography (OCT) provides high-resolution visualization of drusen in cross section. Recent spectral-domain OCT (SD-OCT) systems, with their increase in imaging speed over time-domain OCT can obtain more than 100 high-resolution scans in the time required to capture less than 10 timedomain scans. [11] [12] [13] Increased scanning speed permits the acquisition of a larger number of axial scans withminimum eye movement artifacts, allowing a higher A-scan scan density taken within a small retinal region. These advances in OCT technology allow an increase of the system lateral and azimuthal resolution and the better determination and visualization of drusen, GA, and other retinal abnormalities in SD-OCT images. Thus, SD-OCT represents a promising alternative modality for imaging drusen and GA. [14] [15] [16] [17] [18] Spectral-domain OCT images provide 3-dimensional (3-D) data, and the structures visualized in the volume can be projected into 2-D images. The current method for creating 2-D projections from SD-OCT data sets is the summed-voxel projection (SVP), in which all pixel values in the 3-D images are summed along the axial lines, producing an image showing the retinal surface en face, similar to the CFP. 19 The SVP fundus image is not ideal for drusen visualization because most drusen are not visible when projected using this technique. 19 Stopa et al 20 overcame some of these limitations by locating pathologic retinal features with color marking in each OCT image before the image volume was collapsed along the depth axis to produce the SVP. Another technique recently introduced into OCT imaging devices is the "slab SVP," a semi-automated method to restrict the SVP to a subvolume of the retina near the RPE layer (Carl Zeiss Meditch, Inc, unpublished); however, user interaction to annotate the image to localize the RPE is required. Manually annotating pathologic features in a stack of SD-OCT images, especially for large studies or for clinical care, can be time-consuming and is prohibitive. In addition, the SVP image produced by the methods of Stopa et al only gives location information, but no information about drusen thickness, which could be useful for characterizing drusen. Gorczynska et al 21 proposed a method of generating projection OCT fundus images by selectively summing different retinal depth levels, which enhanced contrast and visualized outer retinal pathology not visible with standard fundus imaging or OCT fundus imaging. With this method, however, drusen were separated into several projected fundus images summed at different retinal depth levels, and could not be directly visualized.
In this article, we analyze the cause of poor drusen visualization in SVP fundus images, and propose a novel, automated projection method combined with image processing of drusen to generate en face fundus images from SD-OCT for enhanced drusen visualization.
Methods
The study protocol was approved by the Institutional Review Board of the Stanford University School of Medicine and the HIPAA-compliant research adhered to the Declaration of Helsinki and all federal and state laws.
Generation of a Fundus Projection Image Based on Retinal Pigment Epithelium Layer
We developed a new projection method based on 1) generating a fundus image from image data only in proximity to the RPE layer, and 2) supplementing the projection with image processing methods that enhanced the brightness of drusen and added information related to drusen height. The SVP projection is restricted to a subvolume of the SD-OCT data set, which we call restricted SVP (RSVP). The pixels corresponding to this subvolume are segmented automatically from the SD-OCT data. Figure 1 shows a demonstration of the projection subvolume, which is the narrow band-like zone between the 2 white parallel curves. The projection region contains only the RPE layers and drusen. By restricting the volume of retina visualized to only that portion in proximity to the RPE, the projection includes a minimum of extraneous retinal structure, and drusen visualization is maximally enhanced. Additionally, image processing was applied to brighten the dark pixels beneath the drusen in each axial column, replacing the original dark pixels with bright pixels. Because the RSVP is based on the sum of the pixel values in each axial column, the larger the height of the drusen, the brighter the drusen in the RSVP image.
Extraction of Retinal Pigment Epithelium Layer
Several OCT automatic segmentation methods have been described that use information about normal retinal layers and do not consider the presence of drusen. [22] [23] [24] Thus, they may not be ideal for drusen segmentation with the purpose of generating RSVP images. We improved the Farsiu's method 25 by considering the presence of drusen to determine the location of RPE. Optical coherence tomography images were first smoothed with bilateral filtering, 26 and the location of the retinal nerve fiber layer (RNFL) was estimated by detecting the margin of the vitreous with a threshold. The highly reflective and locally connected pixels spatially located below the RNFL were taken as the initial estimate of the RPE layer. A morphologic opening operation (erosion followed by dilation) with a kernel consisting of a disk of 2 mm radius was performed on this initial estimate to remove small isolated regions from the RPE estimate that are mainly artifacts because of noise present in SD-OCT images, without removing possible drusen larger than this considered size (2 mm). To reduce the influence of bright pixels wrongly detected as part of the RPE, which may be mainly because of other RPE abnormalities such as GA, we also adopted a maximum axial thickness constrain of 20 mm for the RPE estimate. A-scans in the foreground of this estimate that had a larger number of pixels than this threshold were removed from the initial estimation, and their RPE location was determined by bilinear interpolation. Two versions of the RPE were estimated: 1) the potentially unhealthy (abnormal) RPE where drusen may be present was obtained by bilinear interpolation of the initial estimate, whereas, 2) a healthy (normal) and drusen-absent version of the RPE layer was obtained by fitting the estimated layer with the third polynomial, an operation that would "smooth-out" any drusen. The areas located between the fitted normal and interpolated RPE layers were marked as drusen.
The fitted lower boundary of the normal RPE layer was taken as the baseline of the projection region used for the RSVP generation, whereas, the top boundary of the projection region was determined by displacing the fitted normal RPE layer anteriorly the same distance as the largest drusen peak found in the cube ( Figure 1 ). This selected subvolume of the OCT excludes structures in the retina that could interfere with visualization of drusen, especially the RNFL and choroid (Figure 1) .
Filling In the Dark Regions of Drusen
For each A-scan of the SD-OCT, we found the maximum intensity pixel p i in the interpolated RPE layer and replaced the values of the pixels underneath it with this maximum intensity value. Figure 2 depicts the projection regions before and after the filling procedure. The dark areas of drusen became bright after filling, while parts of dark regions in the RPE also became brighter. Since in the RSVP images we only considered the projection of the pixels between a narrow region as shown in Figure 1 , the change in the intensity of RPE was minimal compared with that of drusen.
Evaluation Study
To evaluate the RSVP approach to drusen segmentation, 46 3-D SD-OCT retinal data sets from 8 patients were analyzed. Each 3-D OCT image set was acquired over a 6 · 6-mm area (corresponding to 512 · 128 pixels) with a 1024-pixel axial resolution on a commercial SD-OCT device (Cirrus OCT; Carl Zeiss Meditec, Inc, Dublin, CA).
Both qualitative and quantitative evaluations were performed on the data. For the qualitative evaluation, both conventional SVP and our RSVP images were compared qualitatively for the 46 OCTs in each of the 8 patients. To enhance the visualization of conventional SVP images, we also superimposed lesion markings, which we derived by applying the methods suggested by Stopa et al to the images. 20 Summed-voxel projection fundus images were also produced using Gorczynska's Fig. 1 . Restricting the OCT image data for generating a fundus projection (the RSVP) near the RPE layer. The bottom white curve is the baseline of the normal RPE layer. The top white curve is determined by the largest drusen height in any B-scan. The RSVP thus excludes extraneous portions of the retina that may contain noise to the projection, such as those caused by the vitreous, RNFL, and choroid. 
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method, 21 and they were compared with RSVP images obtained from the same data sets.
Some of the patients also had CFP, which served as the gold standard for visualizing the retina in the qualitative assessment. On CFP, both drusen and GA were visualized. We manually outlined the drusen and GA lesions in the CFP, SVP, and RSVP of these patients to qualitatively assess drusen visualization. Because of the article length limitations, we are displaying only the qualitative results of 4 scans from 4 different patients of the total set of 46 SD-OCT evaluated. These four scans are a representative example of the results obtained throughout the whole data set.
To quantitatively evaluate drusen visualization in SVP and RSVP images, four scans from three patients were reviewed independently by two expert OCT readers. Each reader independently marked drusen in the OCT B-scans by hand as previously described. 20 Furthermore, each reader marked every image two times in two different sessions to enable assessment of intrareader variation. Figure 3 shows a representative sample of drusen marking, where the white bars indicate the location of drusen. These white bars were then collapsed along the depth axis to produce an en face drusen location map (known as a "marking image"), which was used as the gold standard for our quantitative evaluation. For each scan, the two drusen marking images made per scan by each reader were combined using their intersection to produce a single outline per reader per image:
where, R 1 and R 2 are the drusen marking images of the same scan, but made at two different sessions by each reader The same interpolation operation was applied between the two reader segmentations for each drusen outline, producing the combined reader results. Drusen were also outlined by hand in the corresponding SVP and RSVP images by each reader, as shown in Figure 8 . The outlines produced by SVP and RSVP were then compared quantitatively to the images marked by the readers (the gold standard). Because the boundaries of drusen are very blurry in SVP and RSVP images, the outlines are not precise. Thus, instead of pixel-by-pixel classification, we used an overlap ratio of the number of visualized drusen as the metric to quantitatively evaluate drusen visualization in each technique:
where, "No:co drusen" denotes the number of drusen outlined both in the gold standard-marked image and in the SVP or RSVP images in which outlined areas intersect (depending which technique we were evaluating), and "No:mark drusen" denotes the number of drusen in the gold standard marked image. This metric calculated the utility of each technique to identify drusen present in the cube: if most of the drusen outlined in the gold standard marked images could also be visualized in the en face image, the overlap ratio would be closer to 1. However, as more drusen are "missed" in the en face images, this overlap ratio approached 0. Figure 4 shows the fundus image obtained with the RSVP method, which is based on the same OCT retinal image as Figure 1 . Figure 5 shows the SVP fundus image obtained from the same scan with an overlay of white markings derived based on other published methods. 20 When a portion of the RPE was not visualized in an OCT, a low pixel intensity was used to fill the incomplete information in the RPE-based fundus image. Consequently, these areas appeared dark on the RSVP image. An example is shown at the right end of the dashed white line in Figure 4A corresponding to the right side of the RPE layer in the B-scan ( Figure  4B ), which is incompletely visualized. Figure 6 shows a comparison of the OCT image projection methods. with Gorczynska's method, 21 which correspond to 4 levels at different anatomical layers: outer nuclear layer, photoreceptor outer segment, RPE, and choroid, respectively. Figure 6 , G-I show 3 B-scans corresponding to the dashed red, blue, and yellow lines in the fundus images, respectively. The dark shadow region marked with red triangle ( Figure 6G ) corresponds to the retinal vessel in the fundus images (Figure 6, A-F) . The image contrast of the vessel seen in Figure 6B , was higher than that in Figure 6A . The green and blue triangles show drusen with high and low reflectivity, respectively. It can be seen that both drusen can be more clearly identified in the RSVP image than in any other individual image. Figure 7 shows OCT projection images of the retinas in 2 additional patients. Figure 8E ). However, drusen appear more difficult to visualize with SVP. From Figure 8 , it can be seen that nearly all drusen that were outlined on the CFP were also seen in the RSVP image.
Results

Qualitative Evaluation
Quantitative Evaluation
The mean intrareader overlap ratio measured between 2 segmentation sessions of the B-scans was 67.04% for Reader 1 and 90.88% for Reader 2. The Restricted summed-voxel projection image. Projection fundus images (C-F) using Gorczynska's method, 21 which are the outer nuclear layer level, photoreceptor outer segment level, RPE level, and choroid level, respectively. G, H, and I are three B-scans corresponding to the red, blue, and yellow lines, respectively, in the projection images (A-F). The red triangle shows a blood vessel in corresponding images, and the green and blue triangles show drusen with high and low reflectivity, respectively. mean interreader overlap ratio measured between the B-scan segmentations of 2 different readers was 65.14%. Table 1 shows the drusen overlap ratio for a method (SVP or RSVP) and the gold standard (B-scan segmentation) in 4 OCTs from 3 different patients. The overlap ratio is substantially higher for RSVP than with SVP. Most drusen were not effectively visualized with SVP images; in fact, they were completely absent in Scans 3 and 4. Most drusen were clearly visible in the RSVP images. The "Readers 1 and 2" column corresponds to the evaluation of the combined segmentations of both readers. 
Discussion
The quality of RSVP images and their ability to visualize retinal drusen were superior to those of conventional SVP images. Furthermore, GA is not visualized with the RSVP method because GA occurs beneath the RPE layers and is not included in the projection images, eliminating a confounding factor for visualizing drusen that is present in conventional SVP images. The RSVP method also provides a more precise characterization of drusen thickness than the color marking method, 20 which only defines the location of drusen.
While conventional SVP was not able to adequately visualize drusen, the Gorczynska's method 21 was able to display drusen in fundus images. However, drusen were divided up into several fundus images at different anatomical levels. The RSVP method improved visualization of drusen by using a comprehensive single image. Blood vessel visualization was also more effective with the RSVP method because the projected region was restricted to the narrow RPE neighborhood, reducing the effects of noise and the RNFL. The RSVP method was also effective for different types and morphologies of drusen. Drusen with low or medium reflectivity (such as the drusen marked with the blue triangle in Figure 6 ) were able to be visualized because of the pixel filling step in the RSVP method. For drusen with high reflectivity (such as the drusen marked with the green triangle in Figure 6 ), the dark region filling step had less influence on their visibility in the RSVP images because they were already highly visible by virtue of their inherent pixel brightness and high reflectivity. Consequently, all of the drusen present were able to be visualized in a single RSVP image, allowing for easier identification of drusen.
Related work has been performed in producing a "slab" SVP of the retina to improve visualization of drusen (Cirrus SD-OCT; Carl Zeiss Meditec, Inc, software version 6.0.1), which is similar with the Georczynska method. 21 To the best of our knowledge, there have been no articles on this method published in the peer-reviewed literature; however, based on our understanding of the method in the Cirrus system, the RSVP method is different and novel in that 1) it is fully automated (the Cirrus software requires input from the operator to specify the slab to be processed); 2) the slab method includes the retina from the RNFL to the RPE, whereas, the RSVP method includes a highly restricted volume of the OCT scan in proximity to the RPE where drusen reside; thus, one expects that drusen visualization in the RSVP approach will be degraded less than with the slab method; and 3) the RSVP method incorporates image processing to enhance the conspicuity of drusen by filling in the dark regions within drusen with bright pixels. According to the qualitative and quantitative analyses above, the RSVP method is more effective for drusen visualization than the SVP method, and more convenient than the manual marking method 20 and the selective depth level method, 21 which can be important for ophthalmologists to directly and rapidly assess the macula of patients with nonexudative AMD. Future work will be to undertake a comparison of the RSVP method to the manual slab method.
There are some limitations of this study. Because the extraction of the RPE layer and filling of the dark region beneath drusen are based on automatic algorithms, errors may occur in the RPE-based fundus image. For example, the red-circled regions in Figure 7 show areas that are not actual drusen, but rather areas caused by the incorrect extraction of the RPE layer. To date, we have seen these errors to only minimally affect drusen visualization.
Another limitation is that filling the region under drusen with bright pixels may inadvertently fill (and therefore obscure) small, focal pigment epithelial detachments (PEDs), incorrectly characterizing them as drusen. While this did not actually occur during this study, our automated algorithm will be modified in future work to recognize the relatively dark areas under pigment epithelial detachments (as opposed to brighter areas contained in drusen) and exclude such regions from the filling-in process, thus avoiding this potential problem.
The final limitation was that the overlap ratio with the gold standard was imperfect, being derived from two readers. A true gold standard would be based on histologic slides, which would be very difficult to obtain. In addition, the number of scans and readers we included in our quantitative evaluation was relatively small. Because each reader needed reviewing many individual B-scans for drusen in each case, it would have been too labor intensive to manually segment many cases. However, given that the differences in overlap ratio were so great between SVP and RSVP (as opposed to the interreader difference), the RSVP method was concluded to be superior to conventional SVP.
In conclusion, we present a novel method to improve visualization of drusen on an RPE-based projection of 3-D OCT retinal images. The method uses automated RPE segmentation, drusen segmentation, and image postprocessing to enhance the conspicuity of drusen on the projection image and to minimize the amount of extraneous retinal tissue contributing to the projection. Based on quantitative analysis in comparing RSVP and conventional SVP images against a gold standard, the RSVP method was substantially more effective for drusen visualization, which may be useful to ophthalmologists in directly and rapidly assessing the macula of patients who have nonexudative age-related macular degeneration.
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